Transglutaminases (TGs) and especially TG2 play important roles in neurotransmitter and receptor signaling pathways. Three different mechanisms by which TG2 interacts with neurotransmitter and receptor signaling systems will be discussed in this review. The first way in which TG2 interacts with receptor signaling is via its function as a guanine nucleotide binding protein (G-protein) coupling to G-protein coupled receptors (GPCRs) to activate down-stream signaling pathways. TG2 can exist in a least two conformations, a closed GTP-bound conformation and an open calcium-bound conformation. In the closed GTP-bound conformation, TG2 is capable of functioning as a G-protein for GPCRs. In the open calcium-bound conformation, TG2 catalyzes a transamidation reaction cross-linking proteins or catalyzing the covalent binding of a mono-or polyamine to a protein. The second mechanism is regulation of the transamidation reaction catalyzed by TG2 via receptor stimulation which can increase local calcium concentrations and thereby increase transamidation reactions. The third way in which TG2 plays a role in neurotransmitter and receptor signaling systems is via its use of monoamine neurotransmitters as a substrate. Monoamine neurotransmitters including serotonin can be substrates for transamidation to a protein often a small G-protein (also known as a small GTPase) resulting in activation of the small G-protein. The transamidation of a monoamine neurotransmitter or serotonin has been designated as monoaminylation or more specifically serotonylation, respectively. Other proteins are also targets for monoaminylation such as fibronectin and cytoskeletal proteins. These receptor and neurotransmitter-regulated reactions by TG2 play roles in physiological and key pathophysiological processes.
INTRODUCTION
Transglutaminases (TGs) (EC2.3.2.13) are known to play diverse roles in normal physiological functions as well as pathological conditions, from blood clot formation [1, 2] and stabilization of hair and epidermis [3] to MED ONE 2018, 3: e180012 | Email: mo@hapres.com December 5, 2018 2 cancer [4] and celiac disease [5] . More recent studies have begun to uncover essential roles for TGs in neurotransmitter and receptor signaling-related functions. This review will examine our current understanding of the roles of TGs in receptor and neurotransmitter signaling and highlight opportunities for further exploration.
TGs are a family of structurally and functionally related enzymes that catalyze modifications to peptidebound glutamine residues including transamidation, deamidation and esterification [6] . These enzymes can catalyze a transamidation reaction wherein a covalent bond is formed between a peptide-bound glutamine and a primary amine. The primary amine can be a monoamine such as serotonin, a polyamine such as putrescine, or donated by a lysine residue in a polypeptide chain or protein. The TG-catalyzed isopeptide linkage [Nε-(γ-l-glutamyl)-l-lysine] or so called cross-link between peptide-bound lysine and peptide-bound glutamine residues can occur within a single polypeptide chain or between two polypeptide chains. Deamidation occurs when H 2 O reacts with a peptide-bound glutamine in place of a primary amine [7] , while esterification occurs when an alcohol reacts with glutamine [3] .
There are nine genes that code for human TGs, eight of which encode catalytically active enzymes [8] . These active enzymes include TG 1-7 and factor XIIIa. In general, the distribution of these enzymes is limited to particular tissues. Unlike other TGs, TG2 is ubiquitously expressed in tissues and found both within cells and in the extracellular space. Within cells, TG2 is found in the cell membrane, cytoplasm, nucleus and mitochondria.
TG2 is also unique among TG proteins in that in addition to its function as an enzyme that can catalyze transamidation of proteins, TG2 is a multifunctional protein capable of guanosine triphosphatase (GTPase) and adenosine triphosphatase (ATPase) activity, activity as a kinase and protein disulfide isomerase, and has cell adhesion and scaffolding functions [8, 9] .
TG AS A G-PROTEIN FOR GPCRS
Over thirty years ago, TG2 was first shown to bind GTP and inhibit the transamidation activity of TG [10] . Subsequently, TG2 was shown to function as a guanosine triphosphate binding protein (G-protein) for the transduction of signals for GPCRs [11] . In this capacity as a G-protein, TG2 is also known as Gαh. TG2 can exist in at least two different conformations depending whether it's bound to Ca 2+ or the nucleotides GTP or ATP, although the affinity for GTP is much higher than for ATP [12] . In the GTP-bound conformation, TG2 takes on a closed conformation and functions as a GTPase [9] . While in the Ca 2+ -bound conformation, TG2 takes on an open conformation capable of catalyzing transamidation reactions (Fig. 1) . In the closed, GTP-bound conformation, TG2 is capable of mediating the activation of phospholipase C (PLC) Δ1 following stimulation of α1 adrenoreceptors [11, 13] , oxytocin receptors [14, 15] , thromboxane A2α [16] , and follicle-stimulating hormone receptors [17] . At this time, it is unclear how widespread the use of TG2/Gαh is for GPCR signal transduction and how many different GPCRs can use TG2/Gαh for signal transduction. GPCRs are classically known to couple to heterotrimeric G-proteins consisting of a GTP or GDP-bound Gα subunit and tightly associated Gβ and Gγ subunits. In contrast, TG2/Gαh functions as a heterodimeric G-protein with calreticulin functioning as the Gβh protein [18, 19] . The functioning of the heterodimeric TG2/Gαh and calreticulin/ Gβh is similar to the heterotrimeric G-proteins. Receptor activation facilitates the dissociation of GDP from TG2/Gαh followed by association of GTP. Calreticulin/Gβh then dissociates from TG2/Gαh. Signaling by TG2/Gαh is terminated by hydrolysis of GTP-bound to TG2/Gαh and re-association of TG2/Gαh with calreticulin/Gβh. Calreticulin/Gβh associates with the GDP-bound form of TG2/Gαh and inhibits the binding of TG2/Gαh to GTP as well as inhibiting the transamidation activity of TG2 [18] .
RECEPTOR ACTIVATION OF TG-CATALYZED TRANSAMIDATION
Receptor stimulation plays an important role in regulating TG-catalyzed transamidation via altering . Smethurst and Griffin [20] estimated that in the cell cytosol the concentration of ATP is approximately 8 ± 11 nM and GTP is 50 ± 300 μM with free GTP at about 100 μM. binding proteins [21] . It is estimated that in the presence of 100 μM GTP, 100 μM of Ca 2+ is necessary for transamidation by TG2 [20] . concentrations to about 1 μM for many seconds [21] . This concentration of Ca 2+ is theoretically sufficient to allow TG2 to catalyze transamidation reactions. . Mutations within these binding sites can give rise to reduced transamidation activity and are found in patients with disorders in glucose metabolism [23] . The elevation of Ca 2+ concentrations needed for the open conformation can occur at the cell membrane through two well defined neurotransmitter-dependent mechanisms. Ca Importantly, increased transamidation has been demonstrated following the stimulation of several Gαq/11-coupled GPCRs [24] and has been shown to be dependent on the increase in intracellular Ca 2+ [25] . Muscarinic 3 (M3) receptors are Gαq/11-coupled GPCRs that lead to the production of IP 3 and release of Ca 2+ from ER. In differentiated SH-SY5Y cells (a neuroblastoma cell line) stimulation of muscarinic receptors with carbachol and inhibition of Ca 2+ uptake by the ER with thapsigargin both resulted in increased transamidation activity [26] . Stimulation of serotonin (5-HT) 2A receptors in a rat cortical cell line [27] , 5-HT2A and 5-HT2C receptors in primary rat cortical cells and muscarinic receptors in SH-SY5Y cells were each shown to increase transamidation of monoamines to small G-proteins [24] . To determine if increases in local Ca 2+ concentrations and PLCcatalyzed production of IP 3 following stimulation of Gαq/11-coupled GPCRs was necessary to increase transamidation, PLC inhibitors and Ca 2+ chelation were used. Indeed, the increase in transamidation following stimulation of 5-HT2A receptors was shown to be dependent on PLC activation and an increase in intracellular Ca 2+ concentrations [25] . Furthermore, the increase in intracellular Ca 2+ concentrations was found to be sufficient to increase transamidation as treatment with the Ca 2+ ionophore ionomycin increased transamidation independently of receptor stimulation [25] .
Local Ca
2+ concentrations at the cell membrane can also be increased following stimulation of neurotransmitter-gated ion channels and so could thereby increase TG2-mediated transamidation. Stimulation of N-methyl-D-aspartate (NMDA) receptors causes an influx of Ca 2+ , transiently increasing local Ca 2+ concentrations resulting in increased transamidation in a mouse neuroblastoma cell line, Neuro2a cells [15] . An increase in transamidation has not been demonstrated for other neurotransmittergated Ca 2+ channels but should be examined.
A third receptor-mediated mechanism can result in increased TG2-catalyzed transamidation activity. β2-adrenoreceptor [28] and A 1 adenosine receptor [29] activation can increase TG2 transamidation activity and the increase is at least partially dependent on an influx of extracellular Ca 2+ . These GPCRs are Gαi/o-coupled GPCRs, not Gαq/11-coupled that could increase intracellular Ca 2+ via down-stream IP 3 receptor stimulation. Ca 2+ influx following receptor stimulation was shown to be necessary for the increase in transamidation following stimulation of the Gαi/o-coupled GPCRs. In addition to regulation of transamidation activity via a Ca 2+ influx, the increased transamidation activity was also dependent on activation of several kinases, specifically protein kinase A (PKA), extracellular signal-regulated kinase 1/2 (ERK1/2) and phosphoinositol 3-kinase (PI-3K) for β2-adrenoreceptor-mediated transamidation activation and PKC, mitogen-activated kinase kinase (MEK) 1/2 and c-Jun N-terminal kinase (JNK) 1/2 for A 1 adenosine receptors. It was also noted in those studies that TG2 was phosphorylated following receptor activation and that inhibition of these kinases prevented the receptor induced-phosphorylation of TG2. However, these enzymes had no direct effect on TG activity in vitro.
PAC 1 receptor activation also increases TG2 transamidation activity [30] . PAC 1 receptors are Gαs and Gαq/11-linked GPCRs. However, similar to the Gαi/o-coupled β2-adrenoreceptor and A 1 adenosine receptor-activation of TG2, transamidation is dependent on an influx of extracellular Ca 2+ and kinase signaling pathways specifically PKA, PKC and MEK1/2. Phosphorylation of TG2 was also associated with activation of PAC 1 receptors. Although it is not known whether TG2 phosphorylation is required for increased transamidation activity or whether TG2 phosphorylation is the mechanism by which these kinases activate TG2, the correlation suggests that it is possible and should be further investigated. It is also possible that kinase activity increases transamidation activity via increases in local Ca 2+ concentrations, via altering protein-protein interactions which can lower the concentration of Ca 2+ needed for transamidation [31] or more directly via altering the substrate conformation. In contrast, PKA phosphorylation of TG2 in mouse embryonic fi roblasts inhibited in vitro transamidation activity and increased kinase activity [32] . Further studies are needed to elucidate the mechanisms by which phosphorylation and receptor-mediated kinase activity impact TG2 transamidation activity.
A novel and clever Förster resonance energy transfer (FRET) approach was developed whereby the amino and carboxyl terminals of TG2 are tagged with yellow and cyan fluorescence proteins to monitor the protein conformation [33] . In the closed conformation, the amino and carboxyl terminals are in close proximity which can produce a FRET signal from the tagged construct. However, the terminals are quite distant in the open conformation, and thereby not capable of producing a FRET signal. TG2 located near the cell membrane was found to be predominantly in the open conformation capable of catalyzing the transamidation reaction [33] . In contrast, much of the remaining cytoplasm contained TG2 in the closed conformation. Since TG2 is already in the open Ca 2+ bound conformation, how would an increase in Ca 2+ following receptor stimulation cause an increase in transamidation? These FRET data may at first appear to contradict the findings that receptormediated increases of Ca 2+ at the cell membrane are needed for transamidation. However, it is also possible that under the cell culture conditions used in this study, sufficient levels of receptor activation resulted in high levels of Ca 2+ at the cell membrane. In the FRET experiments, the cells were cultured in the standard 10% fetal bovine serum which would likely contain numerous neurotransmitters capable of receptor activation leading to local increases in Ca 2+ concentrations. Indeed, in other cell lines, the use of charcoal-filtered serum in the cell culture media is necessary to remove monoamines and other neurotransmitters to demonstrate serotonin receptor-mediated effects including increases in transamidation [24, 25] . Serum-deprived cell culture conditions are usually used in studies prior to receptor stimulation and indeed in the same A549 cell line used to demonstrate TG2 conformation with FRET [33] , both charcoal-filtered and reduced serum levels in the media were used to demonstrate changes in receptor signaling [34] . Further studies using this novel FRET construct and a variety of cell culture and receptor stimulation conditions would provide excellent data to further elucidate these important phenomena.
MONOAMINE NEUROTRANSMITTERS AS SUBSTRATES FOR TG
Although we have long been aware of the transamidation of proteins to poly-and monoamines [7] , the functional impact of monoamine neurotransmitters as substrates for TG is a more recently discovered phenomenon and we are only beginning to appreciate the extent and importance of this reaction. Interest in the use of a monoamine neurotransmitters as a substrate for TGs re-emerged in 2002 with two studies describing serotonylation in platelets [1, 35] . Extracellular proteins such as fibrinogen and von Willebrand factor on platelets are bound to serotonin by TGs [35] . Diego Walther and colleagues discovered that TG catalyzes the intracellular transamidation of serotonin to small G-proteins during aggregation of activated platelets resulting in activation of small G-proteins [1] . The term serotonylation was coined to describe the transamidation of serotonin to a substrate protein. As other monoamine neurotransmitters were subsequently found to be substrates for transamidation reactions the term monoaminylation was introduced [36, 37] . These early studies identified the types of proteins that were later found to be common substrates for monoaminylation, namely small G-proteins and extracellular proteins. Intracellular monoaminylation is in part dependent on the availability of monoamine neurotransmitters and the presence and activity neurotransmitter transporters. This topic was recently reviewed [38] and will not be included in this review.
Small G-proteins, also known as small GTPases, are a major target for monoaminylation. The Ras superfamily of small G-proteins can be divided into five subfamilies based on their structure and function, namely Rho, Rab, Ras, Ran and Arf [39] . To date, monoaminylation has been demonstrated for multiple proteins in the Rho and Rab subfamilies. Small G-proteins have high affinity for both GTP and GDP. Similar to heterotrimeric G-proteins, small G-proteins act as molecular switches which can bind and activate effector molecules in the GTP-bound form but not in the GDP-bound form. However, unlike most heterotrimeric G-proteins, the small G-proteins have low intrinsic GTP hydrolysis activity and rely on GTPase-activating proteins (GAPs) to hydrolyze GTP to GDP for inactivation. Guanine-nucleotide exchange factors (GEFs) play the role of activating the small G-proteins by promoting the exchange of GTP for GDP similar to GPCR stimulation for heterotrimeric G-proteins.
For the Rho family of small G-proteins, monoaminylation acts by modifying a key glutamine residue in the switch 2 region necessary for GAPstimulated hydrolysis of GTP. Since the GTPase activity of small G-proteins is exceedingly slow, this GAP-stimulated hydrolysis is required to terminate activity and maintain normal physiological function. Furthermore, monoaminylated Rho small G-proteins appear to remain constitutively active until they are degraded. Support for this mechanism comes from several lines of research on members of the Rho family small G-proteins, Rac1, Cdc42 and RhoA. First, Rac1 and Cdc42 at Q61 and RhoA at Q63 are in the switch 2 region of the small G-proteins and this glutamine is essential for GTP hydrolysis [40] . Monoaminylation of Rac1 by TG2 in neuronal cells takes place at Q61 as demonstrated by site directed mutagenesis; replacing lysine 61 with an asparagine (Rac1Q61N) prevents monoaminylation of Rac1 and surprisingly results in a constitutively active protein [24] . The constitutive activation of Rac1Q61N is likely related to the constitutive activation seen following deamidation of Rac1. Deamidation of Rac1 and Cdc42 at Q61 and RhoA at Q63 by bacterial transglutaminase results in constitutive activity of these Rho family of small G-proteins [41] [42] [43] . Serotonylation of RhoA in pulmonary artery smooth muscle cells results in constitutive activation and subsequent proteosomal degradation of RhoA [44] . In a corresponding manner, deamidation of Rac1 and Cdc42 at Q61 increases ubiquitin-mediated proteosomal degradation following activation [45] . The importance of tight physiological regulation of the Rho family of small G-proteins via modification of Q61/Q63 is demonstrated by the ability of two different bacterially produced toxins to catalyze deamidation and monoaminylation of RhoA, Rac1 and Cdc42 [41, 42, [45] [46] [47] .
It is not entirely clear if monoaminylation works through a similar mechanism of action to increase the activity of other small G-proteins. There is a MED ONE 2018, 3: e180012 | Email: mo@hapres.com December 5, 2018 6 conserved glutamine residue in the switch 2 region which is involved in GTP hydrolysis of many but not all small G-proteins [48] , suggesting that those small G-proteins that do rely on the switch 2 glutamine for hydrolysis could be rendered constitutively active by monoaminylation. To date several small G-proteins in the Rho and Rab families have reported to be activated by monoaminylation. There is also one report documenting serotonylation of Ras protein, the name sake for the Ras family of small G-proteins [49] . The switch 2 glutamine is present in Rab small G-proteins but is not directly involved in GTP hydrolysis [48] . However, due to the proximity of the switch 2 glutamine to the active site for hydrolysis in Rab proteins, it is possible that monoaminylation of the switch 2 glutamine could disrupt the conformation necessary for GTP hydrolysis. Indeed for Rab4, mutation of the switch 2 glutamine renders the protein constitutively active and is the site at which monoaminylation occurs and results in constitutive activation [50] . Further research is needed to determine the glutamine residues in other Rab proteins that are monoaminylated and demonstrate whether a similar mechanism is involved in their activation by monoaminylation.
Monoaminylation of the Rab family of small G proteins regulates a broad range of physiological functions. Rab proteins regulate trafficking of proteins between organelle for endocytosis and secretion and for intracellular vesicular transport [39] . Serotonylation of Rab3a and Rab27a was shown to be important for glucose0-stimulated insulin secretion from pancreatic beta cells [51] . This serotonylation of Rab3a and Rab27a results in their constitutive activation and subsequent enhancement of proteosomal degradation.
Furthermore, mutations in TG2 are associated with type-2 diabetes, suggesting that abnormal serotonylation of these Rab proteins could be involved in the perturbed insulin release [23, 52] . However, deletion or constitutive activation of TG2 had no effect on insulin or glucose challenge suggesting that TG2 does not regulate insulin secretion at least in mice [53] . Serotonylation of Rab4 as mentioned above results in constitutive activation by stabilizing the active GTP-bound form of Rab4 [50] . Serotonylation of Rab4 occurs on Q67 in the switch 2 region and similar to Rac1, the Rab4Q67L mutant is constitutively active. Serotonylation of Rab4 induces binding to the serotonin transporter (SERT) and prevents the translocation of SERT to the cell membrane. SERT is a high affinity and low capacity transport mechanism moving serotonin across the cell membrane. SERT is expressed in a variety of cells and tissues in addition to serotonergic neurons, such as platelets, intestinal and pulmonary epithelial cells, astrocytes, spleen, kidney, uterus and placenta [54] [55] [56] . SERT is the target [57] .
The Rho family of small G-proteins regulate extracellular signaling pathways that regulate actin, cell cycle progression and gene expression [39] . The small G-protein RhoA is serotonylated and thereby rendered constitutively active during platelet activation and aggregation [1] . In vascular smooth muscle cells, serotonin induces serotonylation of RhoA leading to its activation and then proteasomal degradation [44, 58] . Serotonylation of RhoA in these smooth muscle cells is dependent on uptake of serotonin into the cells by SERT and stimulation of 5-HT2A receptors on the cell membrane [44] likely needed to increase local Ca 2+ concentrations to allow TG2 to assume the open conformation. Serotonylation of RhoA is increased in pulmonary smooth muscle cells, platelets and lung in patients with pulmonary hypertension suggesting that serotonylation of RhoA is a novel target for treatment [44] . Retinoic acid-induced neuronal differentiation of the SH-SY5Y neuroblastoma cell line is dependent on transamidation and activation of RhoA [59] . However, from this report it is not clear whether monoamines or polyamines were bound to RhoA, leading to increased activation of RhoA. concentrations [24, 25, 60] . The increase in local Ca 2+ is needed for TG2-dependent transamidation as previously discussed. Stimulation of 5-HT2A/C receptors results in a monoaminylation-dependent increase in the size of dendritic spines in primary cortical neurons in culture and is likely to take place after stimulation of other receptors systems that increase local Ca 2+ concentrations [24] . This finding is consistent with the known ability of Rac1 and Cdc42 to regulate the actin cytoskeleton in dendritic spines and dendritic spine formation and morphology [61] .
Regulation of dendritic spine morphology plays an important role in memory and learning and is perturbed in several psychiatric and neurological diseases [62] . A further understanding of the role of monoaminylation in the regulation of dendritic spines could inform novel treatment approaches for these diseases. Ras is the only member of the Ras family of small G-proteins known to be monoaminylated. Ras was shown to be a target for serotonylation using a novel mass spectrometry and in vivo tagging approach with a serotonin analog as well as serotonin [49] . The switch 2 glutamine in Ras is necessary for GAP-catalyzed GTP hydrolysis [48] suggesting that serotonylation would lead to constitutive activation and indeed this was shown to be the case [49] . Similar to the small G-proteins, two alpha subunits of heterotrimeric G-proteins have also been found to be monoaminylated. Gαq and Gαo1 are monoaminylated at glutamine residues in the catalytic core of the proteins, specifically Q205 and Q209 respectively, resulting in their constitutive activation [36] .
Fibronectin and other extra-cellular proteins are substrates for serotonylation and other forms of monoaminylation. For example, fibronectin and cell surface proteins are serotonylated in C6 glioma cell cultures resulting in aggregation of extracellular proteins adjacent to cells [63] . Other monoamines, specifically dopamine and norepinephrine, are transamidated to fibronectin each resulting in similar effects of protein aggregation [37] . These monoamines compete for the same eleven binding sites but have different affinities for them. In osteoblast cultures, fibronectin can be serotonylated [64] . Serotonylation appears to compete with protein cross-linking of fibronectin resulting in reduced collagen deposition and delayed mineralization. Interestingly, the TG factor XIIIa rather than TG2 catalyzes serotonylation of extracellular fibronectin associated with osteoblasts.
Serotonylation of fibronectin as well as RhoA (as mentioned above) is found in pulmonary vascular artery smooth muscle cells and correlates with the progression of pulmonary hypertension [65] . Together these findings suggest a role for serotonylation in the pathogenesis of pulmonary hypertension and could be a target for novel treatment approaches.
In aor tic v ascular smoo th muscle c ells, monoaminylation is involved in vascular contraction.
Several proteins are serotonylated including α-actin, β-actin, γ-actin, actin-binding protein filamin A, and myosin heavy chain [66] . Inhibition of TG diminished isometric contractions, a process dependent on α-actin, suggesting that monoaminylation of α-actin is critical for this function. Similarly, monoaminylation of α-actin with norepinephrine is necessary for norepinephrine-induced vascular contraction [67] .
CONCLUSIONS
As described in this review, TG2 can impact neurotransmitter receptor regulated-functions in the role of the alpha subunit of a heterodimeric G-protein. There is also competition in the use of monoamine neurotransmitters as substrates for transamidation reactions. There can be competition among monoamine neurotransmitters in transamidation reactions as demonstrated by Hummerich et al. [37] . They reported that the affinity of monoamines varies for the substrate fibronectin, suggesting that the affinity and relative concentrations of the monoamines dictates which monoamine is bound to a protein. Competition can also take place between transamidation to monoamines or protein cross-linking. In osteoblasts, there is competition between serotonin and proteins as substrates for transamidation to fibronectin impacting mineralization and fibronectin deposition [64] . Competition between monoamines and proteins as substrates in other physiological and pathological situations is likely to exist and depend on substrate availability.
Alterations in the availability of intracellular neurotransmitters can be regulated by either high capacity, low selectivity transporters such as the organic cation transporters and plasma membrane monoamine transporters or the low capacity, high selectivity transporters for serotonin (SERT, SLC6A4), for noradrenaline (SLC6A2) and for dopamine (SLC6A3). These transporters are highly regulated and all are likely involved in feedback mechanisms such as regulation of SERT by serotonylation of Rab4 described above [50] . Moreover, 8 monoaminylation has also been demonstrated. Serotonylation of Rac1 and Cdc42 is regulated by the serotonin receptors 5-HT2A and 5-HT2C as well as muscarinic and NMDA receptors in neurons [24, 60] . Similarly, 5-HT2A receptor stimulation results in serotonylation of Rab4 and RhoA in platelets [1] .
From this review, we can see that TGs are important regulators of a plethora of receptor and neurotransmitter regulated processes. These TG-mediated processes range from modulation of dendritic spine morphology impacting learning and memory functions, to depression, blood clot formation, and hypertension. We are only beginning to appreciate the mechanisms by which TG signal transduction impacts normal physiology and can be targeted for treatment in disease states. New treatment approaches will likely result from a better understanding of the role of TGs, especially TG2, in receptor and neurotransmitter-regulated functions.
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